Ó Springer- Verlag 1998 Summary The aim of the study was to determine the effect of laser photocoagulation for clinically significant diabetic macular oedema (DMO) on macular visual function as assessed by conventional and shortwavelength automated static threshold perimetry. The sample comprised 24 patients who required laser photocoagulation for clinically significant DMO (mean age 59.75 years, range 45±75 years). One eye of each patient was selected for the study. Patients underwent conventional and short-wavelength perimetry using programme 10-2 of the Humphrey Field Analyser on two separate occasions prior to treatment and subsequently within 1 week of, and at 1, 2, 4 and 12 weeks after, treatment. The pointwise pattern deviation plot was analysed for conventional perimetry and a pointwise horizontal and vertical hemifield asymmetry analysis was derived for shortwavelength perimetry (thereby negating the influence of pre-receptoral absorption). The extent of sensitivity loss was determined by counting the number of stimulus locations with statistical probability levels of p less than 0.05. Group mean log minimum angle of resolution (logMAR) visual acuity was largely unchanged over the course of the study. Conventional perimetry showed an increase in the group mean number of abnormal contiguous stimulus locations from 2.4 (SD 4.3, range 0±14) immediately prior to treatment, to 12.4 (SD 7.8, range 0±30) within 1 week of treatment; at 3 months post-treatment, the group mean number of abnormal contiguous stimulus locations was 8.1 (SD 6.5, range 0±20). A similar but less pronounced change was found for short-wavelength perimetry. The spatial position of the posttreatment localised sensitivity loss corresponded with the area of retinal photocoagulation. Despite proven benefit in the stabilisation of visual acuity, laser photocoagulation for clinically significant DMO invariably results in a localised loss of perimetric sensitivity within 10 eccentricity of the fovea. Evidence for the value of laser therapy for clinically significant DMO must be re-examined. [Diabetologia (1998) 
41: 1283±1292]
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thickening of the adjacent retina; and (iii) retinal thickening one disc diameter in size which is located within one disc diameter of the centre of the macula. Laser photocoagulation for clinically significant DMO results in the stabilisation, and occasionally the improvement, of visual acuity when compared with untreated control eyes [4±7] . A post-treatment reduction in the magnitude and extent of retinal thickening has been clinically observed by stereo fundus biomicroscopy and stereo photography [9±10] .
In addition to stabilising visual acuity, grid laser photocoagulation of clinically significant DMO has also been suggested to benefit reading owing to increased parafoveal vision and improved scanning ability [11] . Other studies, however, have reported the occurrence of paracentral scotomata following grid laser photocoagulation for DMO [9±10] . Conversely, Striph and co-workers [12] documented a reduction in the mean sensitivity of Humphrey Field Analyser (HFA) programme 10-2 (using stimulus size I or III) in 64 eyes of 36 patients with DMO following grid laser photocoagulation (using an argon green, or krypton red, laser). Mean sensitivity within 5 eccentricity of the fovea deteriorated by approximately 3.5 decibels (dB) (SD 3.8 dB) as a result of the initial treatment session. Surprisingly, the shape of scotomata (i. e. originally resulting from the DMO) did not change following treatment, although the overall field exhibited a diffuse depression of sensitivity. The full effect of laser photocoagulation for clinically significant DMO on the central visual field is unclear.
The clinical challenge of undertaking laser photocoagulation for clinically significant DMO is to reconcile the benefits of treatment with potential sideeffects and complications, including foveal burn, exacerbation of pre-existing DMO, enlarging atrophic laser scars [13] , subretinal neovascularisation and fibrosis [14] and paracentral scotomata [9±10] . It is generally accepted that laser photocoagulation for clinically significant DMO results in ªvisual compromiseº [15] ; a clearer understanding of the effect of laser photocoagulation on the central visual field needs to be gained before the true overall benefit of treatment can be judged. In a related study [16] , we have shown that short-wavelength automated perimetry (SWAP) offers greater sensitivity for the detection of abnormality than conventional automated perimetry in patients with untreated clinically significant DMO. This paper details the effect of grid laser photocoagulation treatment on the central visual field in the same cohort of patients. The aim of the study was to determine the effect of laser photocoagulation for clinically significant DMO on macular visual function as assessed by log minimum angle of resolution (logMAR) visual acuity and by both conventional and short-wavelength perimetry.
Material and methods
Sample. The sample comprised 24 patients (18 men and 6 women) with clinically significant DMO as defined by the ETDRS criteria [8] of mean age 59.75 years (range 45±75 years); all 24 patients exhibited retinal thickening within 500 microns of the centre of the macula. The mean time from diagnosis of diabetes was 8.5 years (range 2±18 years); 3 were insulin-dependent and 21 were non-insulin dependent and receiving oral hypoglycaemic medication. One eye was randomly assigned to the study if both eyes exhibited clinically significant DMO; 11 right eyes and 13 left eyes were assessed. The precise demographic details of the sample, and the sample size estimation, have been described in a related publication [16] .
Prior to inclusion of the patient in the study, two medical retina specialists were required to independently confirm the diagnosis of clinically significant DMO using contact, or Volk, lens fundus biomicroscopy and thereby agree to the necessity for laser photocoagulation. Stereo photography (to document the presence of DMO) and fluorescein angiography (to exclude patients with ischaemic maculopathy, document the degree of capillary leakage and identify cystoid macular oedema) were also undertaken on entry to the study. Other inclusion criteria for the diabetic patients comprised a visual acuity (i. e. log minimum angle of resolution, logMAR) of 0.25 or better using the 96 % contrast Regan chart (i. e. Snellen equivalent visual acuity of 6/9 to 6/12). Exclusion criteria included: (i) a distance refractive error greater than ± 6.00 dioptres sphere, or ± 1.50 dioptres cylinder or both; (ii) a family history of glaucoma in a first degree relative; (iii) an intra-ocular pressure of 22 mmHg or more; (iv) any other eye disease or disorder (including lenticular opacity ± see below); (v) any previous laser photocoagulation treatment; (vi) proliferative diabetic retinopathy and its sequelae, for example, vitreous haemorrhage and retinal detachment; (vii) central nervous system (CNS) disorders or psychiatric illness; and (viii) systemic medication with known CNS effects, for example tranquillisers. Lenticular opacity was graded on the basis of slit lamp appearance and the Lens Opacities Classification System (LOCS) III [17] . Eyes with the following LOCS III grades were excluded from the study: (i) nuclear colour more than NC2; (ii) nuclear opalescence more than NO2; (iii) cortical cataract more than C2; and (iv) posterior subcapsular cataract P1 or more.
Procedures. The refraction was checked at each session prior to the assessment of visual acuity and perimetry to compensate for any transient refractive changes associated with diabetes [18] . LogMAR visual acuity was assessed using the 96 % Weber contrast Regan chart. The chart was illuminated to 100 cdm 2 and the recommended viewing distance of 3 m was used. A by-letter scoring system was used that gave credit to each correct letter [19] . LogMAR visual acuity was assessed on two separate occasions prior to laser photocoagulation and the results of the second session were taken as baseline to minimise any learning effects. In addition, the 96 % Weber contrast Regan chart was presented randomly with the 25 and 11 % Regan charts; this randomisation of chart presentation was designed to minimise any familiarity the patient may gain of the letter composition of the charts.
Perimetry is the assessment of visual sensitivity at retinal locations eccentric to the fovea. A HFA 640 (Humphrey Instruments Inc., San Leandro, Calif.; USA), the clinical ªgold standardº automated static threshold projection perimeter, was used for this study. The method of static stimulus presentation and the variables used for conventional (white-on-white) and short-wavelength perimetry are detailed elsewhere [16] .
Conventional perimetry results in the mediation of information along various neural pathways but short-wavelength perimetry utilises stimulus variables that are thought to be mediated along a specific neural pathway i. e. the blue-yellow colour opponent channel [20] . Short-wavelength perimetry uses a relatively narrow band (cf. the polychromatic stimulus of conventional perimetry) blue stimulus to preferentially stimulate the short-wavelength sensitive pathway and a high luminance yellow background to saturate both the medium-wavelength and long-wavelength sensitive pathways and to simultaneously suppress rod activity [21, 22] . The group mean times to complete each stimulus condition as a function of order for visits 2, 3 and 7 are shown in Table 1 .
Patients underwent perimetry using programme 10-2 of the Humphrey Field Analyser which comprised 69 stimulus locations within 10 eccentricity of the fovea (including foveal threshold); this programme uses a square grid of stimulus locations which straddle the mid-lines with a 2 inter-stimulus spacing. The distance refractive correction of the study eye, together with the appropriate near addition for the patient's age, was used to correct for a viewing distance of 33 cm.
Grid laser photocoagulation for clinically significant DMO. Prior to laser photocoagulation, the two medical retina specialists mapped the extent of DMO onto a clear acetate sheet which detailed the retinal vascular pattern of each eye (i. e. derived from a 20 20 scanning laser tomography image). The mapping of the extent of DMO was always undertaken following perimetry. Each medical retina specialist was blind to the other's assessment of the extent of DMO and to the perimetry results. The level of agreement of the baseline mapping of the extent of DMO between the medical retina specialists was high [16] .
All diabetic patients underwent a single session of argon green (514 nm) grid laser photocoagulation. The sample represented a wide range of treatment requirements. Precise details of the treatment for each patient, including (i) ablation spot size (range 50±200 microns); (ii) duration of ablation (range 0.10±0.25 s) (iii) power setting (range 0.07±0.40 W); and (iv) number of ablations (range 13±309) are detailed in Table 2 . Care was taken to ensure that laser burns were not placed at the margin of, or within, the foveal avascular zone.
Visits. Perimetry was undertaken on two separate occasions using both conventional and short-wavelength parameters prior to laser photocoagulation. The results of the second perimetry session were taken as baseline to minimise the influence of learning [23] . The order of stimulus condition (i. e. conventional or short-wavelength) at visit 1 was varied between patients and was then systematically varied between visits (i. e. short-wavelength undertaken 1st at visit 1, 2nd at visit 2, 1st at visit 3, etc.). For visit 2, 15 diabetic patients underwent shortwavelength perimetry first and 9 patients initially underwent conventional perimetry. Perimetry was then repeated within 1 week of, and at 1, 2, 4 and 12 weeks after, treatment. Mandatory rest periods were given at least every 5 min during each perimetry session to minimise the influence of fatigue [24] . The results from the first (mean 5 days after, range 3±10 days) and final (mean 12 weeks after, range 10±15 weeks) post-treatment sessions relative to baseline are presented since these illustrate the observed overall effect of laser photocoagulation for clinically significant DMO on macular visual function. The mapping of the extent of DMO was repeated for each post-treatment visit by a single medical retina specialist with a second independent assessment being undertaken at visits 3 or 4 and 7 (these results are outside the scope of this paper). In addition, stereo photography was undertaken for each post-treatment visit and fluorescein angiography was repeated on exit from the study.
Analysis. Fields that resulted in a false-positive or false-negative response rate greater than 33 % and those that exhibited fixation losses greater than 20 % (i. e. Heijl-Krakau technique [25] ) were excluded from the analysis. The respective perimetry results from the patients were compared with databases of normal fields. For conventional perimetry, the established age-matched STATPAC II database [26] of HFA programme 10-2 was used. For short-wavelength perimetry, normal HFA programme 10-2 sensitivity values were derived from the results of 400 normal subjects between the ages of 18 and 84 years (mean age 48 years, SD 17) who had undergone short-wavelength perimetry using programme 30-2 i. e. the HFA STATPAC for SWAP database. Of the subjects 230 were aged 18±50 years, 90 were 51±65 years and 80 were 66±84 years. A weighted linear interpolation procedure based upon the angular distance between the 10-2 stimulus location to be derived and the 4 surrounding 30-2 locations was used. The details of the interpolation procedure have been described in a related publication [16] . Normal subjects were recruited at various international centres for the HFA STATPAC II and the STATPAC for SWAP databases using equivalent inclusion and exclusion criteria as those used for the diabetic patients. An analytical methodology was adopted for both perimetry conditions that recognised variation in the shape of the visual field relative to that of a normal database rather than depending upon absolute sensitivity values. For conventional perimetry, the pattern deviation plot of the HFA STATPAC II database was used to illustrate the pointwise deviation (i. e. of each stimulus location) of the shape of the visual field from the age-matched normal field [27, 28] . For short-wavelength perimetry, a pointwise horizontal hemifield asymmetry analysis was established. By this analytical approach, the influence of pre-receptoral absorption [29±32] and light scatter [33] was negated since the overall effect of these factors results in a symmetrical attenuation of the ªhill of visionº; this is of particular relevance in diabetic patients who are known to exhibit exaggerated ocular media absorption values [34] . A pointwise vertical hemifield asymmetry analysis was also undertaken in order to show the full extent of any localised field loss [16] . The derivation of the pattern deviation and hemifield asymmetry plots are detailed elsewhere [16] .
Change in the extent of any localised sensitivity loss was determined for both perimetry conditions by counting the number of stimulus locations with statistical probability levels of p less than 0.05 and comparing with baseline. The count of abnormal stimulus locations (i. e. those with a statistical significance level of p < 0.05) was undertaken for the complete HFA programme 10-2 field and for each quadrant of the field. In either case, only clusters of three or more abnormal stimulus locations were included in the count, that is, a conservative criterion of abnormality was used thereby minimising type I experimental error. Consequently, a cluster of three abnormal stimulus locations that crossed a mid-line would be counted in the complete field analysis but not in the quadrant analysis. For conventional perimetry, the pointwise pattern deviation plot was used to determine the extent of the localised sensitivity loss while for short-wavelength perimetry the pointwise horizontal hemifield asymmetry plot was evaluated. Global mean sensitivity (MS) was also determined for both perimetry conditions at each visit.
Results
One patient was excluded from the analysis owing to a false-positive response rate during perimetry of greater than 33 %. Two patients failed to attend for visit 3 and another withdrew from the study after completion of visit 3 (the resultant sample sizes were n = 23, n = 21 and n = 22 for visits 2 (i. e. baseline), 3 (within 1 week post-treatment) and 7 (12 weeks post-treatment), respectively.
Group mean logMAR visual acuity at visit 2 was 0.076 log units (SD 0.103 log units); it deteriorated at visit 3 to 0.111 log units (SD 0.160 log units) and then recovered at visit 7 to 0.065 log units (SD 0.127 log units). The change in logMAR visual acuity for each diabetic patient during the course of the study is illustrated in Figure 1 .
Conventional perimetry showed an increase in the group mean number of abnormal contiguous stimulus (Fig. 2) . Between visits 2 and 7, 18 patients exhibited an increase in the number of abnormal stimulus locations, 2 patients showed no change and 2 patients a reduction (Fig. 2) . Between visits 3 and 7, 1 patient exhibited an increase in the number of abnormal stimulus locations, 5 patients showed no change and 14 patients a reduction (Fig. 2) .
With short-wavelength perimetry, there was an increase in the group mean number of abnormal contiguous stimulus locations from 15.4 (SD 7.3, range 3±28) at visit 2 to 19.2 (SD 5.5, range 6±29) at visit 3. At visit 7, the group mean number of abnormal contiguous stimulus locations was 18.2 (SD 7.9, range 5±34). Between visits 2 and 3, 15 patients exhibited an increase in the number of abnormal stimulus locations, 3 patients showed no change and 3 patients a reduction (Fig. 2) . Between visits 2 and 7, 18 patients exhibited an increase in the number of abnormal stimulus locations, 1 patient showed no change and 3 patients a reduction (Fig. 2) . Between visits 3 and 7, 10 patients exhibited an increase in the number of abnormal stimulus locations, 2 patients showed no change and 8 patients a reduction (Fig. 2) .
Group mean global MS assessed by conventional perimetry was 29.2 dB (SD 1.3 dB, median 29.3 dB) at visit 2, 27.9 dB (SD 2.2 dB, median 28.1 dB) at visit 3 and 28.9 dB (SD 1.7, median 28.8 dB) at visit 7. For short-wavelength perimetry, group mean global MS was 23.8 dB (SD 5.4 dB, median 25.3 dB) at visit 2, 21.5 dB (SD 5.9 dB, median 21.2 dB) at visit 3 and 23.4 dB (SD 5.8 dB, median 23.9 dB) at visit 7. The change in group mean global MS between visits 3 and 7 for conventional and short-wavelength perimetry is illustrated in Figure 3 .
The spatial relation (assessed for each quadrant) between the area of photocoagulation and change in the number of abnormal contiguous stimulus locations for visits 3 and 7 relative to baseline is shown for conventional and short-wavelength perimetry in Table 3 . In most of patients, laser photocoagulation resulted in a localised sensitivity loss in the corresponding quadrant of the visual field, particularly for conventional automated perimetry. No relation was found between the photocoagulation variables and the magnitude of perimetric change. Representative examples illustrating the effect of laser photocoagulation for clinically significant DMO on conventional and short-wavelength perimetry are shown in Figures 4 and 5.
Discussion
Despite proven benefit in the stabilisation (and occasionally the improvement) of visual acuity, the results of this study clearly show that laser photocoagulation for clinically significant DMO invariably results in a localised loss of perimetric sensitivity within 10 eccentricity of the fovea (Figs. 4, 5 ). The complaints of such patients confirm that the preservation of visual acuity is at the expense of field loss. The spatial position of the post-treatment localised sensitivity loss corresponded with the area of retinal ablation (Table 3). Our findings seem to contradict a previous study [12] which described an overall diffuse depression of perimetric sensitivity after grid laser photocoagulation for DMO, however, that study used absolute sensitivity, rather than perimetric probability plots, to ªdefineº change and consequently any direct comparison between the two studies is confounded.
Group mean logMAR visual acuity was largely unchanged over the course of the study. Conversely, log-MAR visual acuity of individual patients showed considerable variation at visits 3 and 7 relative to baseline (Fig. 1) . Individual change in logMAR visual acuity at visit 3 relative to baseline varied from 0.100 log units (i. e. improvement) to + 0.462 log units (i. e. deterioration) while at visit 7 the individual 
0 [2] change in visual acuity relative to baseline varied from 0.225 log units to + 0.238 log units. Using the 96 % contrast Regan chart, any inconsistency of log-MAR visual acuity greater than ± 0.11 log units (i. e. the coefficient of repeatability, COR) is generally accepted to indicate statistically significant change [35] .
In an elderly group, however, a more conservative COR value of ± 0.15 log units could be more appropriate. Two patients (no. 3 and no. 24) showed a deterioration in logMAR visual acuity of greater than 0.15 log units at visit 7 relative to baseline (Fig. 1) ; both patients exhibited a residual focal area of DMO involving the fovea at visit 7.
The post-treatment increase in the extent of localised sensitivity loss was found to be greater for conventional perimetry than for short-wavelength perimetry (Fig. 2 ). At baseline, 22 patients exhibited a short-wavelength perimetric sensitivity loss that was of greater extent than that of conventional perimetry [16] . In addition, the extent of short-wavelength sensitivity loss was greater than the clinical area of mapped DMO in 11 patients at baseline and was approximately equal to the area of DMO in 9 patients. Consequently, laser photocoagulation was usually applied within the area of short-wavelength sensitivity loss; this resulted in a smaller post-treatment increase in the extent of the short-wavelength sensitivity loss than that of conventional perimetry. Also, the use of a size V stimulus (1.724 angular subtense) for shortwavelength perimetry (i. e. compared with a size III stimulus of 0.431 angular subtense used for conventional perimetry) will stimulate a relatively large retinal area and, consequently, can reduce the effect of laser-induced focal scotoma on perimetric sensitivity. Conventional and short-wavelength perimetric sensitivity showed some degree of recovery between visits 3 and 7 (Figs. 2, 3) . No change in the magnitude of DMO was detected using clinical assessment (i. e. contact, or Volk, lens fundus biomicroscopy), however, an objective morphological technique based upon the analysis of the Z-profile of a scanning laser tomographer [36] showed a post-operative increase in the magnitude of DMO in 18 of the 24 patients at visit 3 relative to visits 2 and 7 [37, 38] . In addition, reversible photic damage has been found in primate cones [39, 40] .
Despite proven benefit in the stabilisation of visual acuity, laser photocoagulation for clinically significant DMO invariably results in a localised loss of perimetric sensitivity within 10 eccentricity of the fovea. Evidence for the value of laser therapy for clinically significant DMO must be re-examined. Treatment strategies for clinically significant DMO need to be developed which, as well as preserving visual acuity, avoid deleterious impact on the visual field. In the meantime, perimetry should be undertaken following laser treatment for clinically significant DMO to ensure that the patient's ability to meet legal driving requirements are not compromised (this applies particularly to patients with fellow eye visual loss). Controlled treatment trials should be initiated which systematically assess the effectiveness of treatment compared with the post-treatment severity of paracentral scotomata as a function of the number, spread, power and size of laser burns. We found no relationship between the photocoagulation variables and the magnitude of perimetric change; the sample size was small, however, to show such a relation. In addition, an improved understanding of the pathogenesis of DMO is required to establish better methods of treatment, preferably pharmacological modalities.
